Kinetics of nitrite uptake and reduction by Chiamydomonas reinhardtii cells growing phototrophically has been studied by means of progress curves and the Michaelis-Menten integrated equation. Both uptake and reduction processes exhibited hyperbolic saturation kinetics, the nitrite uptake system lacking a diffusion component. Nitrite uptake and reduction showed significant differences in K, for nitrite at pH 7.5 (1.6 versus 20 micromolar, respectively), optimal pH, activation energy values, and sensitivity toward reagents of sulfhydryl groups. K, values for nitrite uptake were halved in cells subjected to darkness or to nitrogen-starvation. Nitrate inhibited nitrite uptake by a partially competitive mechanism. The same inhibition pattern was found for nitrite uptake by C. reinhardtii mutant 305 cells incapable of nitrate assimilation. The results demonstrate that C. reinhardtii cells take up nitrite via a highly specific carrier, probably energy-dependent, kinetically responsive to environmental changes, distinguishable from the enzymic nitrite reduction and endowed with an active site for nitrite not usable for nitrate transport.
Nitrate uptake and reduction by higher plants, fungi, algae, and microorganisms are processes well established and characterized (4, 16, 36) . However, nitrite assimilation has been poorly investigated, most of the studies being centered on the enzymic nitrite reduction (36, 37) . In nonvacuolated microorganisms, uptake and reduction of nitrite are tightly coupled processes hard to study separately (36) .
In microalgae, the scanty existing data on nitrite uptake indicate that this process, like that ofnitrate uptake, is highly sensitive to ammonium, requires light and CO2, and is inhibited by uncoupling agents (8, 10, 14, 31, 33, 34) . Besides, in diatoms nitrite uptake exhibits hyperbolic kinetics with a diffusion component (5) , and it is still unclear whether or not nitrite is takeii up by the same carrier system as nitrate (5, 10, 36) .
In the present work, uptake and reduction of nitrite by Chlamydomonas reinhardtii cells are characterized as two distinguishable processes on the basis of their differential kinetic properties. In addition, inhibition experiments demonstrate the existence of two separate sites for the uptake of nitrate and nitrite.
MATERIALS AND METHODS
Organisms and Enzyme Preparation. Chlamydomonas reinhardtii wild type 6145c was obtained from Dr. R. Sager (Sidney Farber Cancer Center, New York) and mutant 305 was isolated by Sosa et al. (29) . The mutant is incapable ofnitrate assimilation Supported by Comisi6n Asesora de Investigaci6n Cientifica y T&nica (grant 1834-82).
and carries a single mutation in the structural gene nit-la (12, 13) . Wild and mutant cells were grown with 8 mm NH4Cl and derepressed for 5 to 6 h with 3 mm KNO2 or N-free media, pH 7.5, as previously described (12) . Cells were harvested at the midlogarithmic phase of growth by centrifugation at 1 5,000g for 10 min, and disrupted by freezing-thawing treatment with liquid N2 (12) . Nitrite reductase was extracted with 0.5 M phosphate buffer (pH 7.5), the suspension was centrifuged at 30,000g for 5 min, and the resulting supernatant used as source of enzyme.
Kinetics of Nitrite Uptake. Kinetics of nitrite uptake was studied by using the two following procedures:
Initial (27) . Protein was measured colorimetrically according to Bailey (2), using BSA as standard. Chl was determined spectrophotometrically at 652 nm after Amon (1) .
RESULTS
Kinetic Characterization of Nitrite Uptake and Reduction. From the progress curves of nitrite uptake (Fig. IA) and reduction ( Fig. 2A) Figure 1 . (Table I) . Kinetic characterization of enzymic nitrite reduction was performed in vitro by using methyl viologen chemically reduced with dithionite as artificial electron donor.
First, the influence of variable amounts of dithionite used for nitrite reduction on the kinetic parameters was studied. Analysis of progress curves indicated that the K, values for nitrite reduction increased with increasing incubation time. The direct correlation between incubation time and K, is presumably due to an increase in the oxidation products ofdithionite. When increasing initial concentrations of dithionite were used, increasing K, values for nitrite were also observed, although smaller than when incubation time was modified (Table II) 6.0 (Fig. 3A) . Photosynthetic oxygen evolution was practically unaffected between pH 5.0 and 8.0 (results not shown). In contrast, the pH optimum for nitrite reduction was 8.0 (Fig. 3B) .
Nitrite uptake and nitrite reduction exhibited different apparent optimum temperatures. Q,o(20-30°C) and activation energies were also different for both processes, the activation energy for nitrite uptake being 65% higher than for nitrite reduction (Table III) . (Table IV) . Nitrate Inhibition of Nitrite Uptake. Nitrite uptake was inhibited by low concentrations ofnitrate (Fig. 4) . This inhibition was studied by analyzing the effect of varying nitrate concentrations on nitrite uptake. The Hanes-Woolf plots indicate that nitrate inhibition only affected K, values, which suggests a competitive inhibition of nitrate on nitrite uptake (Fig. 5) . However, secondary replots of I/v versus (nitrate) (Fig. 6A ) and KS versus (nitrate) ( Data fit into the proposed mechanism with an error less than 6%. Since in partially competitive inhibitions it is not possible to determine kinetic parameters by simple graphical methods (I 1), we have calculated them from the above equations and experimental data (Table V) .
When the same inhibition experiments were performed with the mutant strain 305 of C. reinhardtii, incapable of nitrate assimilation but able to grow with nitrite (12, 29) , no significant differences in the kinetic constants were found in comparison with those of the parental wild strain 6145c (Table V) . DISCUSSION Integrated rate equations are appropriately used in enzyme kinetic studies when product accumulation and substrate depletion are taken into account in the reaction rate calculation. This approach allows one to follow a reaction over an extended period and to obtain kinetic data by a simplified integrated equation in enzyme reactions with high K', and low affinity of enzyme for the products (1 1, 23) . Besides, this method yields more accurate kinetic parameter values than the usually preferred initial rate method which involves high errors in the initial rate determinations at low substrate concentrations. These errors are specially significant when the reaction cannot be followed continuously (15) .
Nitrite uptake exhibited Michaelis-Menten kinetics with a K, of (15, 22, 24) . Thus, the kinetic parameters of nitrite reductase can be satisfactorily calculated from progress curves of integrated Michaelis-Menten equations. Dithionite, the reducing chemical ofmethyl viologen in the electron donor system of nitrite reductase, inhibits nitrite reduction activity probably by formation of sulfite or other oxidation products (18, 26) . In C. reinhardtii, K, for nitrite increased linearly with incubation time during the nitrite reductase reaction, which probably reflects a competitive inhibition of oxidation products of dithionite on nitrite binding to the enzyme. Similarly, increasing concentrations of dithionite in the assay also raised K, values but to a lesser extent. V,nax of the reaction remained unchanged in both situations, which shows that activity in routine assay of nitrite reductase is unaffected by oxidation products ofdithionite. The dithionite effect can also explain the wide variation (1 gM to 40 mM) in the reported figures of K, (or K,n) of nitrite for nitrite reductase in green algae and higher plants ( 18, 36, 37) .
Nitrite uptake exhibited an optimum pH of 6.0. Since in whole cells photosynthetic 02 evolution was not affected by changing pH from 5.0 to 8.0, a distinction can be made between a nitrite transport system and the photosynthetic reducing power required to reduce nitrite. The distinction is confirmed by the optimal pH of 8.0 for the nitrite reductase assay in vitro. This value coincides with that ofthe chloroplast stroma (6) , the suggested intracellular location of nitrite reductase in higher plants (37) . Throughout this work we have performed kinetic studies of nitrite uptake and reduction at pH 7.5 instead of at optimal pH in order to establish similar experimental conditions between both processes so that the differences on K, values for nitrite uptake and reduction could not be attributed to pH effects. On the other hand, the selected pH value is the usual pH of C. reinhardtii culture media.
Nitrite uptake has a Q,o of 3.1 and an activation energy of 72 kJ.mol-', similar to those found for nitrate uptake in C. sorokiniana (34) . These results, together with the aforementioned effect of darkness on kinetic parameters and the reported inhibition by several uncouplers (8, 10, 14) , strongly suggest that nitrite uptake is energy-dependent. The lower values of Q,o and activation energy (1.9 and 43.5 kJ mol', respectively) for nitrite reduction indicate that nitrite uptake is the kinetic rate-limiting step in nitrite assimilation. This is consistent with the proposed role for inorganic nitrogen permeases as the first control point in its assimilatory pathway (16, 30 
